This research work is concerned to the use of a Doppler ultrasound system aiming to study the effect caused in the blood flow by stenotic lesions. In order to accomplish this study, an experimental blood flow phantom was constructed. This is a controlled platform that allows to generate a range of blood flow profiles, and also to produce different degree of stenosis on a testing vessel. The phantom has also been electrically modeled in order to asses the response under conditions both normal and pathological (with stenosis). The flow average velocity is estimated by calculating the Pseudo Instantaneous Mean Frequency (PIMF) of a discrete Doppler ultrasound signal produced with a blood flow phantom. This signal is conditioned, digitized and processed in order to generate a 2-D spectrogram to be displayed and for calculating suitable clinical parameters like flow, pulsatile index and resistance index, among others. A graphical user interface (GUI) has been developed for input, output and set control variables and monitoring the system. The results in this study demonstrate a suitable use of Doppler ultrasound spectral analysis of blood flow in order to evaluate the degree of stenosis in vessels.
Introduction
Ultrasonic techniques have been successfully used in the development of instruments for medical diagnosis: in obstetrics, cardiology and vascular-peripheral system, among others. These instruments allow image generation of some internal structure of the body, as well as vessel blood flow by means of ultrasonic transducers.
In the case of the detection and evaluation of the blood flow through vessels, Doppler ultrasound systems, both continuous and pulsed, simple or with image, have been widely used as non-invasive methods. Doppler signal frequency is proportional to the blood velocity within the sampled volume, and as the arterial blood flow is pulsatile, the Doppler signal presents a frequency spectrum that varies with time. In ideal conditions the spectral power density has a form similar to a histogram of the speed of the blood within the sampled volume. In this way, the analysis of Doppler signal produces valuable information associated to the evolution of the particles velocity distribution that conform the vessel blood flow. An increase in the range of Doppler frequencies, as a result of turbulence in the blood flow, can be used to detect stenosis [1] .
A stenosis is a pathological process where lipids are deposited in the internal layers of the arteries, where the calcified deposits and the accumulation of frothy cells generate a diminution of the artery diameter, see Fig.1 . The blood is a fluid that consists of cells and plasma. The viscosity of the blood is related directly to the relative percentage of Red Cells in Blood (RBC) and influences in the flow velocity. Two factors that affect the blood flow through a vessel are: (1) the differential pressure between the endings of the vessel and (2) the resistance to the flow by the vessel. The relation between differential pressure, flow and resistance in a vessel is expressed like:
ce resis pressure flow tan
The blood flow is the total amount of blood moving with a certain velocity profile, as it changes according to geometry of the vessel (figure 2). Therefore if the velocities whole distribution is measured, it is possible to estimate the flow in ml/s through blood vessel [2] . The resistance of the flow depends on the vessel radius, its length and the blood viscosity. Therefore, the flow can be expressed as: flow = mean velocity x area (2) Aterosclerosis (hardening and thickening of the arteries) is a common disease that causes alterations in the elasticity of the artery affecting the relations of pressure-flow in the arterial system. [3] . Clinically, the detection and quantification of stenosis serves as a criterion to determine if the patient requires a surgical operation [4] . The stenosis reduces the diameter and increases the flow velocity in a vessel segment and this effect causes turbulence in the blood flow, as is depicted in Fig. 2 . 
Methodology
Previous works have studied in extensive form the theoretical spectral response of simulated blood flow Doppler ultrasound signals by using a number of spectral estimation methods [1, 13, 14] . Also, an experimental platform has been constructed in order to reproduce mean velocity profiles that emulate the response for different blood vessels. In this section some of these issues are described.
Blood emulator fluid and blood flow "phantom"
In order to reproduce the blood dynamics, it has been necessary to develop a blood emulator fluid, starting from some solutions reported [5] [6] [7] [8] [9] [10] [11] [12] , modifying some concentrations and adding new materials in order to improve the behavior of the fluid in the interest parameters (propagation velocity, density, viscosity and particle size). The experimental platform developed [13, 14] is shown in Fig. 3 and it is denominated blood flow "phantom". 
Phantom model
The experimental platform developed represents a complete system that requires of a careful characterization. In order to accomplish this, a theoretical model to study the behavior of blood flow "phantom" has been developed and set out initially as an electrical circuit based on electromechanical analogies [15] . The related equivalences are defined in Table 1 . In this model, an artery is represented as an array of resistors, capacitors and inductors. The resistors model the viscous dissipation (energy dissipation); this is, the pressure fall that is required to force the blood flow through the vessel. Capacitors model the blood vessel distensibility, this is, the capacity of the vessel to stretch or dilate, to accumulate and to release blood through the elastic deformations. The inductors model the inertial convection.
In Fig. 4 , the equivalent circuit used to obtain the waveform of the mean velocity in a vessel is shown. In the proposed system [13, 14] , although the circuit does not emulate the mechanism of the heart (left and right ventricles), when comparing the waveforms reported [1] with those obtained by using the proposed model, these are similar. The natural cycle of the pump that emulates the action of the heart, creates pulsed conditions in all the arteries. Due to sanguineous flow is pulsatile, pressure-flow relationships vary with time and are a function of blood viscosity and elasticity. 
Frequency estimators
For the purpose of the spectral estimation in the case study presented in this work, a Discrete Fourier Transform (DFT)-based method has been used. The Pseudo Instantaneous Mean Frequency (PIMF) is defined as:
The Root Mean Square (RMS) bandwidth is defined as:
Results and analysis
In this work, the theoretical flow in a healthy carotid artery (pulsed and unidirectional flow) was emulated using the blood flow phantom. In the human body during cardiac systole (contraction), the blood flow average velocity in the artery increases, while in diastole (relaxation) it decreases. The flow average velocity is estimated by calculating the Pseudo Instantaneous Mean Frequency (PIMF) of a discrete Doppler ultrasound signal produced with a blood flow phantom. The Doppler signal is generated by means of a bidirectional pulsed Doppler system, using an 8 MHz ultrasonic transducer. This signal is conditioned, digitized and processed in order to generate a 2-D spectrogram to be displayed and for calculating suitable clinical parameters like flow, pulsatile index and resistance index, among others. A graphical user interface (GUI) has been developed for input, output and set control variables and monitoring the system. Considering that the velocity average of the Doppler signal is proportional to the PIMF, the Doppler ultrasound signal spectrogram is calculated by using the DFT (Eq. 3), the PIMF (Eq. 4) and the RMS bandwidth (Eq. 5). Three different scenarios were considered. In the first one, the acquisition of signals was achieved for the case of an artery without estenosis. Figs. 5, 6 and 7 show the 2-D spectrogram, the PIMF and the RMS bandwidth, respectively, for a three cycles segment of Doppler signal from to a healthy carotid artery. In the second scenario the stenosis degree was gradually increased by using a specially designed device able to generate controlled estenosis. Synthetic arteries with different degrees of stenosis were analyzed (30%, 40% and 50% of the cross-sectional area), making the measurements 0.5 cm after the stenosis. Figs. 8 and 9 , show the PIMF and the RMS bandwidth for the different degrees of stenosis considered.
In Fig. 8 , an increase in the velocity of the blood flow is observed as a result of the diminution of the crosssectional area of the artery in study. In figure 9 , it is also observed that when the PIMF increases, the RMS bandwidth increases. This is because when the velocity of blood flow increases, in presence of an occlusion, the flow becomes more turbulent, generating in consequence a higher amount of frequency components. In the third scenario the degree of stenosis was set to a fix value and a number of estimations of PIMF was made, varying in this case the distance after the stenosis where the measurements were taken. This was made in order to observe the effect of the distance on the turbulence of the blood flow caused by the stenosis. The stenosis degree was set to 50% of the cross-sectional area. Measurements were carried out to 0,5 cm, 1cm and 2,5 cm after the estenosis. Fig. 10 shows that the stenosis has an important influence in the profile of the blood flow velocity. This effect is clearly observed when the measurement is taken near to the stenosis, for instance at the distance of 0.5 cm. However, it is also observed when the distance to the stenosis increases (distance of 2.5 cm), the laminar profile of the flow recovers, this being similar to the cases without stenosis. 
Conclusions
The study of the effects caused in the velocity profile of the blood flow through a estenosis, is of particular importance for blood flow instrumentation of quality. This work has presented a study of the spectral response of Doppler ultrasound signals in the measurement of the blood flow turbulence caused by stenosis. Also the development of a system able to measure these effects in a controlled form have been presented. It has been observed that the degree of estenosis affects the characteristics of the blood flow in different ways. PIMF presented significant variations due to the increase of the speed when diminishing the cross-sectional area of the artery. In the same way an increase in the RMS bandwidth due to a higher amount of frequency components produced by the turbulence has been observed. The study has also demonstrated that when moving away of the estenosis the flow recovers its previous laminar characteristics, indicating the ranges that the stenotic effect causes in the blood. The results described in this work, represent an initial study to demonstrate a suitable use of Doppler ultrasound in order to evaluate the degree of stenosis in vessels. Future work must be addressed to model the blood flow phantom more accurately by including more representative variables of the system that incorporate other aspects of the dynamics of the blood and the blood vessels.
